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ZAbstract

—

f’; The transformer ratio, the ratio between maximum accel-
=

S erating field and maximum decelerating field in the driving
= bunch of a plasma wakefield accelerator (PWFA), is one
‘2 of the key aspects of this acceleration scheme. It not only
% defines the maximum possible energy gain of the PWFA but
2 it is also connected to the maximum percentage of energy
= that can be extracted from the driver, which is a limiting
g factor for the efficiency of the accelerator. Since in linear
£ wakefield theory a transformer ratio of 2 cannot be exceeded
E with symmetrical drive bunches, any ratio above 2 is consid-
é ered high. After the first demonstration of high transformer
« ratio acceleration in a plasma wakefield at PITZ, the photoin-
£ jector test facility at DESY, Zeuthen site, limiting aspects of
-Z the transformer ratio are under investigation. This includes
% e.g. the occurrence of bunch instabilities, like the transverse
£ two stream instability, or deviations of the experimentally
£ achieved bunch shapes from the ideal.

INTRODUCTION

Wakefield acceleration in plasma is one of the most
promising techniques for future high energy, high bright-
ness accelerators. In the beam driven plasma wakefield
accelerator (PWFA) [1] one of the key figures of merit is the
% transformer ratio (TR), defined as the ratio between accel-
.2 erating field strength in the witness bunch and decelerating
2- field strength in the driver bunch [2]. It defines the maximum
> energy gain for the witness bunch in a PWFA. As the funda-
© mental theorem of beamloading [3] limits the transformer
¢ ratio to below 2 for symmetrical bunches in linear wakefield
f theory, several asymmetrical drive bunch shapes and asym-
2 metrical trains of bunchlets have been proposed to increase
gthe transformer ratio [2, 4, 5]. Due to the TR limitations
E faced by bunchlet-train based methods [6] and advanced
Ephase space manipulation capabilities, research focus has
"g recently shifted towards production and application of long,
< ramped bunches [7, 8,9, 10]. The TR in a PWFA employing
5 such bunches directly depends on the ratio of driver bunch
-E length to characteristic /plasma wavelength, i.e. how many
& plasma wavelengths the bunch is long. A high TR (HTR,
«i.e. a transformer ratio > 2) can usually be achieved with
£ driver bunch lengths at least on the order of the plasma wave-
'é length. Due to the inherent, strong transverse wakefields in a
£ plasma, such bunches are subject to various beam-plasma in-
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Figure 1: Exemplary measured and ideal bunch current
profiles for PITZ HTR experiments.

stabilities, such as the self-modulation instability [4, 11, 12]
or the hosing instability [13], the growth lengths of which
also depend on bunch length. To mitigate these instabilities,
control of the bunch phase space [14] and operation in the
nonlinear regime of the PWFA [15] are required. In this
contribution we will discuss limitations for the transformer
ratio in the PWFA experiments at the Photoinjector Test
Facility at DESY, Zeuthen site (PITZ), imposed by bunch
shape deviations and beam-plasma instabilities.

BUNCH SHAPE LIMITATIONS

The main limitations for the TR in a PWFA are the length
of the driver bunch and the accuracy of the bunch current
shape [4]. Energy gain of the witness is then limited by
the energy and stability of the driver bunch. PITZ is a
25 MeV photoinjector RF-accelerator, which can produce
electron bunches of flexible shape and transverse emittances
as low as 0.1 mm mrad. The advanced photocathode-laser
pulse shaping schemes also allow the production of HTR-
capable bunches [10, 16]. Figure 1 shows a measured and
an ideal bunch current profile of similar length and current.
The achieved bunch shape deviates significantly from the
ideal, especially at the falling edge at the tail of the driver
(Fig 1, ~ 11 ps) and at the precursor at the bunch head (Fig 1,
~ 32 ps). Results from [4] predict a maximum ratio of the
PITZ driver bunch length to the plasma wavelength of ~ 1
for the measured bunch current tail length. Even for an oth-
erwise ideally shaped driver bunch the TR would thus be
limited at ~ 6.

While the bunch head accuracy could be improved by
thorough tuning and ultimately by improved shaping meth-
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Figure 2: Longitudinal phase space of a ramped bunch
and a small witness bunch (left, ~ -23 ps) without and
with a plasma of density n., exhibiting clear signs of self-
modulation instability.

ods [10], the slope and therefore the length of the falling
edge at the bunch current tail are limited by diffraction of the
photocathode-laser pulse and by space charge effects during
the extraction of the bunch from the photocathode. Even by
larger laser spot sizes these deviations from an ideal bunch
shape cannot be mitigated completely. Nevertheless simula-
tions presented in [10] already show a significantly improved
shape, raising the maximum possible TR at PITZ to ~ 8.5,
even though not being optimised in this regard. This might
also be increased further by longer photocathode-laser pulse
(i.e. bunch) lengths.

BEAM-PLASMA INSTABILITY
LIMITATIONS

As mentioned above, bunches that drive HTR wakefields

have to be transported over a substantial length in the
wakefield structure/medium to transfer significant amounts
of energy to the witness bunch. As beam-plasma instabilities
and TR both increase with the ratio of bunch length to
plasma wavelenghts, ways of mitigating these instabilities
have to be found to enable HTR PWFA.
Figures 2 and 3 show the interaction of ramped bunches
with a similar profile as shown in Fig. 1 with a ~ 10 cm long
plasma of density n.. The modulations introduced to the
longitudinal phase space of the bunch (Fig. 2, bottom) are a
clear sign of the self-modulation instability (SMI) [17]. The
transverse modulation and break-up of the bunch into short
bunchlets can be seen in Fig. 3.

The appearance of SMI was averted by operating at lower
plasma density. At densities where the beam density locally
exceeds the plasma density, nonlinear PWFA theory applies,
which predicts purely focusing transverse forces along the
driver bunch. Nevertheless, lower plasma density again im-
plies a lower number of plasma wavelengths in the driver
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Figure 3: Bunch profile of a ramped bunch, showing self-
modulation in a plasma of density n,.

(i.e. lower TR) and also lower acceleration gradients. To
operate at high plasma densities and still achieve nonlinear
interaction, the bunch density has to be increased. This can
either be achieved by higher bunch charge, which is partially
constrained by the TR-limitations discussed in the previous
section, or by longitudinal and transverse compression of
the driver bunch. The latter can be achieved by lower geo-
metrical emittance or a bunch compression stage. As the
PITZ linac does not include a bunch compressor and the
final bunch energy is limited to ~ 25 MeV, decreasing the
emittance of HTR-capable bunches at the photocathode is
the only option. Further simulations and experiments will
study the impact that an increasing bunch charge has on the
bunch current profile and on the bunch phase space.

CONCLUSION

We have presented considerations on the limit for the

transformer ratio in plasma wakefield acceleration at PITZ.
With the current bunch shaping capabilities, deviations of
the achievable driver bunch shapes from ideal HTR-driver
shapes were found to limit the TR to ~6. Mitigation of
beam-plasma instabilities, that were shown to inhibit sta-
ble driver bunch transport, was achieved by operating at
low plasma densities, where the bunch densities exceed the
plasma densities locally, and thus the interaction takes place
in the nonlinear regime of PWFA. The possibility to im-
prove driver bunch parameters to achieve transformer ratios
beyond the values presented in [16] in PITZ PWFA experi-
ments will be the subject of further studies.
The presented limits do not represent general limits for
photocathode-laser based bunch shaping techniques, as dif-
ferent laser pulse shapes, acceleration gradients at the pho-
tocathode, final beam energy and other parameters can in-
fluence the achievable transformer ratios significantly and
a similar assessment needs to be done for every individual
case.

TUPML047
1649

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



9th International Particle Accelerator Conference

5 ISBN: 978-3-95450-184-7

sher, and D

ub

ACKNOWLEDGMENTS

The authors would like to thank J. Engel, G. Koss, S.
= Philipp and the PITZ technical staff for their great support

&of the experimental work.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

(11]

[12]

[13]

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work.

REFERENCES

P. Chen, J. Dawson, R. Huff, T. Katsouleas, "Accel-
eration of electrons by the interaction of a bunched
electron beam with a plasma", Phys. Rev. Lett., vol. 54,
p. 693-696, 1985.

K. L. F. Bane, P. Chen and P.B. Wilson, "On collinear
wake field acceleration", IEEE Trans. on Nucl. Sc. NS,
vol. 32, no. 5, p. 3524-3526, 1985.

P. Wilson, "Physics of High Energy Accelerators", AIP
Conf. Proc., no. 87, 486, 1982.

T. Katsouleas, "Physical mechanisms in the plasma
wake-field accelerator”, Phys. Rev. A, vol. 33, no. 3,
2056-2064, 1986.

E.M. Laziev, V.M. Tsakanov and S.S. Vahanyan, "Elec-
tromagnetic wave generation with high transformation
ratio by intense charged particle bunches", Proc. Ist
EPAC and Preprint YERPHI 1040, 1988.

J. P. Farmer, R. Martorelli, A. Pukhov, "Transformer ra-
tio saturation in a beam-driven wakefield accelerator”,
Phys. Plasmas, vol. 22, No. 123113, 2015.

R. J. England, J. B. Rosenzweig, G. Travish, "Genera-
tion and Measurement of Relativistic Electron Bunches
Characterized by a Linearly Ramped Current Profile",
Phys. Rev. Lett., vol. 100, No. 214802, 2008.

P. Piot et al., "Generation and Characterization of Elec-
tron Bunches with Ramped Current Profiles in a Dual-
Frequency Superconducting Linear Accelerator", Phys.
Rev. Lett., vol. 108, No. 034801, 2012.

G. Andonian et al., "Generation of Ramped Current
Profiles in Relativistic Electron Beams Using Wake-
fields in Dielectric Structures", Phys. Rev. Lett., vol.
118, No. 054802, 2017.

G. Loisch et al., "Photocathode laser based bunch shap-
ing for high transformer ratio plasma wakefield acceler-
ation", Nucl. Instr. Meth. Phys. Res. A, in press, 2018.

K. Lotov, "Simulation of ultrarelativistic beam dynam-
ics in the plasma wake-field accelerator", Nucl. Instr.
Meth. Phys. Res. A, vol. 410, p. 461-468, 1998.

C. B. Schroeder et al., "Growth and Phase Velocity
of Self-Modulated Beam-Driven PlasmaWaves", Phys.
Rev. Lett., vol. 107, No. 145002, 2011.

D. H. Whittum, W. M. Sharp, S. S. Yu, M. Lampe,
"Electron-Hose Instability in the lon-Focused Regime",
Phys. Rev. Lett., vol. 67, No. 8, 1991.

TUPML047

[0)

@ 1650

IPAC2018, Vancouver, BC, Canada

[14]

[15]

[16]

[17]

JACoW Publishing
doi:10.18429/JACoW-IPAC2018-TUPMLO47

T. J. Mehrling, R. A. Fonseca, A. Martinez de la Ossa,
J. Vieira, "Mitigation of the Hose Instability in Plasma-
Wakefield Accelerators", Phys. Rev. Lett., vol. 118, No.
174801, 2017.

J. B. Rosenzweig, B. Breizman, T. Katsouleas, J. J.
Su, "Acceleration and focusing of electrons in two-
dimensional nonlinear plasma wake fields", Phys. Rev.
A, vol. 44, No. 10, 1991.

G. Loisch et al., "Observation of high transformer ratio
plasma wakefield acceleration", Phys. Rev. Lett., subm.,
2018.

M. Gross et al., "Observation of the Self-Modulation
Instability via Time-Resolved Measurements", Phys.
Rev. Lett., vol. 120, 144802, 2018.

03 Novel Particle Sources and Acceleration Technologies

A22 Plasma Wakefield Acceleration



